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Abstract 
Skylight spectra reflect optical properties of aerosols as well as those of molecular species, and these 
properties can be retrieved by comparing observed and simulated spectra. Using the scheme of multi-axis 
differential optical absorption spectroscopy (MAX-DOAS), we can obtain skylight spectra using compact 
spectroradiometers. The data are analyzed by means of our recent method based on calculation with the radiative 
transfer code M0DTRAN4. In this report, we describe a method to calculate effects of aerosols and molecular 
absorption using M0DTRAN4 and its application to analyze spectral data obtained from MAX-DOAS 
measurements. 
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1. Introduction 
Tropospheric aerosols have significant influence on the 
Earth's radiation budget both directly and indirectly [l]. In 
. urban areas, aerosols in the atmospheric boundary layer 
occasionally cause health problems. Remote sensing data 
obtained from satellites are often subject to uncertainties of 
atmospheric conditions. It is important to measure the 
characteristics of tropospheric aerosols globally all the time, 
since they show significant variations both spatially and 
temporally. Direct solar radiation (DSR) as well as scattered 
solar radiation (SSR) reflect optical properties of molecules 
and aerosols, and they have been widely measured with 
instruments such as sunphotometers and skyradiometers 
[2,3]. Recently, we have developed a method for 
characterizing atmospheric properties using a compact, 
stand-alone spectroradiometer [4]. In this report, first we give 
a brief description of the method, and then, apply the method 
to analyze the data obtained by the multi-axis differential 
optical absorption (MAX-DOAS) schemes. 
code M0DTRAN4 [5]. Since often small intensity changes 
due to aerosol extinction have to be measured with high 
accuracy, we ~ake corrections for the characteristics of the 
instrument such as spectral sensitivity, temperature 
dependence, and optical resolution. Non-uniformity of the 
SSR and background light of the DSR inside the FOV are 
also corrected. 
Input parameters for the simulation are modified 
iteratively so that simulated spectra match well with the 
measured spectra. The aerosol parameters that should be 
optimized through the fitting are (i) the aerosol optical depth 
(AOD) r550 at wavelength 550 nm, (ii) wavelength 
dependence of the aerosol extinction coefficient l!ex-t(A) 
(normalized against the value at 550 nm), (iii) wavelength 
dependence of the aerosol scattering coefficient asca(A) 
(normalized against the extinction coefficient at 550 nm), and 
(iv) the phase function./(11; x) as a function of wavelength A 
and scattering angle X· 
It is unacceptable to have too many or too few 
parameters for optimizing the matching result. After some 
2. Methods trial and improvement, we have decided to introduce the 
A portable spectroradiometer (EKO, MS-720) is used to three component aerosol model (TCAM), which is 
measure the spectra of solar radiation. This instrument is composed of 3 types of aerosol species, each having its own 
capable of measuring both DSR and SSR in the wavelength complex refractive index dependent on wavelength and its 
range of350 - 1050 nm. We also measure the aureole (AUR), own mono-modal lognormal size distribution. The three 
the scattered light just around the sun. This AUR component 
is useful for the aerosol optical characterization, since it 
reinforces information on the forward scattering. 
Home-made baflle tubes are used to limit the field of view 
(FOV) of the instrument: 5 deg for DSR, 20 deg for SSR, 
and between 5-20 deg for aureole. 
Measured spectra are reproduced by the radiative transfer 
species correspond to water· soluble ( component 1 ), sea salt 
(component 2), and soot (component 3) aerosol types, 
chosen from the aerosol database compiled by Levoni et al. 
[ 6]. Although the actual aerosol mixture is usually more 
complex, TCAM forms a "quasi-complete" basis for aerosol 
parameterization, in that optical parameters of most aerosols 
can be reproduced by linear combinations of the basis. Figure 
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1 ( a-b) show the real and imaginary parts of the refractive 
index of the three basic components, and ( c-e) show the 
possible range of optical parameters covered by the TCAM 
parameterization. Optical parameters of each component 
are calculated with the Mie-scattering code developed by 
Wiscombe [7], with the assumption of spherical shapes. 
Alternatively, they are calculated assuming randomly 
. oriented spheroids with a fixed aspect ratio using the code 
developed by Dubovik et al. [8]. Optical parameters of the 
total mixture are calculated assuming external mixing. 
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Fig. 1 Aerosol models assumed in the scheme of 
three-component aerosol model (TCAM). (a) Real part and 
(b) imaginary part of the complex refractive index as a 
function of warelength; component 1 (water soluble, solid 
line), component 2 (oceanic, dotted line), and component 3 
(soot, broken line). (c-e) Possible range of aerosol optical 
parameters calculated from each component of TCAM 
(gray area: component 1, 45° lines: component 2, 135° lines: 
component 3) assuming that the particle size changes 
between 10-2.s and 10+i.s µm: (c) extinction coefficient 
normalized at 550 nm, (d) single scattering albedo, and (e) 
asymmetry parameter. 
Water vapor exhibits absorption bands with significant 
intensity in the measurement range of the spectroradiometer. 
Figure 2 shows an example of measured and simulated DSR 
spectra around 725 nm. In the simulation, water vapor 
column amount can be adjusted by modifying the water scale 
factor (WSF) Sw to scale the default column amount 
(2.92231 g/cm2 for the mid-latitude summer model, and 
0.85170 g/cm2 for the mid-latitude winter model). The value 
of Sw can be optimized by fitting simulated DSR spectra 
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Fig. 2 Variation of spectral irradiance around 725 nm water 
absorption band for various values of the water scale factor 
SW' Solid and dotted lines represent observed and simulated 
spectra, respectively. The 12 channels marked with filled 
circles were used for the analysis. 
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Fig. 3 Spectral matching for the spectra observed at 12:30 
on December 30, 2008: (a) DSR, (b) SSR, and (c) AUR. The 
channels marked with circles were used for the analysis. 
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Fig. 4 Aerosol optical parameters derived from the DSR, 
SSR, and AUR observations on December 30, 2008: (a) 
extinction coefficient normalized at 550 nm, (b) single 
scattering albedo, (c) asymmetry parameter, and (d) phase 
function at 550 nm. Meteorological data at the observation 
site were: temperature 13.7 . °C, relative humidity 47 %, 
pressure 1002.6 hPa, and wind speed 1.3 mis. 
to the measured ones. Prior to the fitting, simulated spectra 
are scaled to match with the measured ones at both ends of 
the absorption band. In this process, differences of the linear 
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model are removed. Note that optical resolution of the e 
spectroradiometer must be correctly incorporated . 
We applied the spectral matching method using the 
TCAM to the data taken at the Center for Environmental 
Remote Sensing (CEReS, 35.62° N, 140.10° ~), Chiba 
University from 12:25 to 12:58 JST on December 30, 2008. 
Figure 3 shows the spectral matching between the observed 
and simulated spectra. We measured the aerosol optical depth 
(AOD) and water vapor column amount to be 0.190 ± 0.001, 
0.80 ± 0.02 g/m2, respectively. 
3. Application to MAX-DOAS data 
In the scheme of MAX-DOAS, we obtain skylight 
spectra from which we can retrieve column amount of 
molecules just like the way we retrieve water vapor column 
amount from DSR spectrum. Figure 5 shows the instrument 
developed for the MAX-DOAS measurement. Figure 6 
shows an example spectrum taken at the CEReS site on May 
5, 2009 (zenith/azimuth angle of the sun and that of the line 
of sight were 42°/195° and 32°/190°, respectively). Three 
spectroradiometers (Ocean Optics, USB2000: 280 - 740 nm, 
Ocean Optics, HR2000: 720 - 1080 nm, Hamamatsu, 
Fig. 5 MAX-DOAS instrument looking toward the sky. 
Incident lights are taken from the baffle tubes and 
transferred into the spectroradiometers through the optical 
fibers. 
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Fig. 6 Hyper-spectral measurement of scattered solar 
radiation using 3 spectroradiometers (USB2000, HR2000, 
and C9914GB) at 12:30 on May 5, 2009. 
C9914GB: 1080 - 2100 nm) were used to obtain continuous 
spectra from 280 to 2100 nm. Optical resolutions of 
USB2000 and HR2000 are about 1 nm (FWHM), while that 
of the near-infrared (NIR.) spectrometer (C9914GB) is about 
8 nm. They are sensitive enough to get sufficient amount of 
light within 1 s exposure duration. 
In this case, the spectrum to be simulated _is not DSR but 
SSR, and it takes longer calculation time than DSR. If the 
DISORT algorithm [9] is used to evaluate multiple scattering 
contributions in the fitting procedure, it would take too much 
time. Fortunately, since simulated spectra are scaled to match 
with the measured spectrum at the ends of the absorption 
band, we can use a faster algorithm, i.e., Isaacs algorithm 
[1 OJ, without any significant errors. As is the case for DSR, 
the optical resolution should be matched between the two 
spectra before the comparison is carried out. 
We retrieved column amount of H20, 03, CO2, and CI-Li 
from the spectra as shown in Fig. 6. The results of spectrum 
matching for these molecules are shown in Figures 7-10, 
respectively. We obtained column amount as follows. H20: 
0.45±4X 10-5 g/cm2, 0 3: 389±3X 10-2 DU, CO2: 331±6 
x 10-2 ppm, CI-Li: 1.9 ± 8 X 10-2 atm · cm. Here the error 
values are fitting errors only, and other systematic errors are 
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Fig. 7. Spectrum matching at the H20 absorption band 
around 940 nm. Optical resolutions of both simulated and 
measured spectra are degraded to 8 nm. 
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Fig. 8 Spectrum matching at the 0 3 absorption band 
around 310 nm. Optical resolutions of both simulated and 
measured spectra are degraded to 4 nm. 
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Fig. 9 Spectrum matching at the CO2 absorption band 
around 1607 nm. Optical resolution of simulated spectrum 
is degraded to 8 nm. 
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Fig. 10 Spectrum matching at the CH. absorption band 
around 1667 nm. Optical resolution of simulated spectrum 
is degraded to 8 nm. 
not included. Obviously, the obtained value of CO2 is too 
small. This is due to the lack of precise calibration of the NIR 
spectrometer at the present situation; besides, systematic 
errors cannot be avoided in the readings. Since strong signals 
are obsetved for the molecular species investigated here, it is 
expected that reliable values of column amounts can be 
retrieved after suitable calibration procedure. 
4. Conclusion 
· We have explained the method to retrieve optical 
parameters of aerosols from sky-radiance measurements 
using radiative simulation code MOD1RAN4. Similar 
method is applicable to retrieve column amount of 
atmospheric constituents from skylight spectra obtained in 
the scheme ofMAX-DOAS measurement. We demonstrated 
the feasibility of retrieving column amount of H20, 03, CO2, 
and C~ from a continuous skylight spectrum between 280 
and2100nm. 
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